Abstract: This paper presents an experimental investigation on the enhancement of the heat transfer rate of steam condensation on the external surfaces of a vertical tube with annular fins. A cylindrical condenser tube, which is 40 mm in outer diameter and 1000 mm in length, with annular disks of uniform cross-sectional area is fabricated in the manner of ensuring perfect contact between the base surface and fins. A total of 13 annular fins of 80 mm diameter were installed along the tube height in order to increase the effective heat transfer area by 85%. Through a series of condensation tests for the air-steam mixture under natural convection conditions, the heat transfer data was measured in the pressure range of between 2 and 5 bar, and the air mass fraction from 0.3 to 0.7. The rates of heat transfer of the finned tube are compared to those that are measured on a bare tube to demonstrate the enhanced performance by extended surfaces. In addition, based on the experimental results and the characteristics of steam condensation, the applicability of finned tubes to a large condenser system with a bundle layout is evaluated.
Introduction
Condensation plays an important role to increase the energy efficiency in industries. Therefore, the condensation process is essential for refrigeration/air conditioning, aerospace, nuclear power, and many other industries.
In the nuclear power industry, the importance of heat transfer by steam condensation has been emphasized more since the Fukushima accident. As the accident progressed due to a loss of all electrical power, it has been recommended thereafter that the mitigation features for an accident be passive to assure a reliable performance [1] , and steam condensation can be adopted as a heat transfer mode to naturally remove an accumulating thermal energy in an enclosure. To prevent an incident such as the Fukushima accident, the passive containment cooling system can be employed to preserve the integrity of the containment. The passive containment cooling system (PCCS) is an advanced safety system to guarantee the structural integrity of the containment using condensation heat transfer phenomena, as shown in Figure 1 . Once the design basis accidents, such as the loss of coolant accident (LOCA) and the main steam line break (MSLB,) occur in a nuclear power plant, the released steam forms a gas mixture with air, and it is condensed on the outer surface of a tube bundle in the PCCS. Thus, the heat removal rate of the condenser tubes in the PCCS is dominated by steam condensation in the presence of a noncondensable gas under natural convection conditions. With regard to the regard to the containment cooling, many researchers have investigated the steam condensation in the presence of a noncondensable gas [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Depending on the design criteria of the PCCS, a vast heat transfer area may be required for the decay heat removal. For example, if the PCCS has to meet the requirement that it removes all of the decay heat at five minutes after the reactor shutdown, its capacity has to reach 3% of the rated thermal power of the reactor; it comes to about 85 MW for a nuclear power plant of 1000 MWe. To achieve such a great heat flow from the containment, the PCCS has to incorporate a number of lengthy condenser tubes for sufficient surface area of heat transfer. One feasible approach to increasing the heat transfer capacity of the PCCS is to introduce extended surfaces for the condenser tubes. Through increasing the heat transfer rate using fins, the required number or length of condenser tubes can be greatly reduced.
Several experimental and analytical studies have been carried out for condensation heat transfer on the finned tubes. Liu [5] conducted external condensation experiments using two types of finned tubes: longitudinal and annular. The experimental results did not represent a sufficient enhancement of heat transfer, as expected by an analytical approach, due to an unexpected thermal resistance created between the tube surface and fins. Tong et al. [14, 15] discussed the experimental results obtained from the longitudinal finned tube and the pin-fin tube. Local temperature profiles around the test tube were obtained, and the condensation heat transfer capacity was compared to that of a smooth tube. Recently, Furuichi et al. [16] measured the heat transfer coefficient of the vertical tube with the liquid-film scattering rings that were applicable for the intermediate heat exchanger (IHX) . The experiments were conducted using four sets of IHX tubes under pure steam conditions, and the effect of the rings on the heat transfer was discussed from observation of the condensate liquid.
As analytical studies, Mori et al. [17] investigated an optimum surface geometry of vertical condenser tubes, which have an array of longitudinally parallel tiny fins and a circular disk attachment. The effect of surface tension on condensation was taken into account, and the optimum fin shape, fin pitch, and spacing of the disk were found. However, the effect of circular disks was not evaluated independently. Herranz et al. [18] proposed a theoretical model that was capable of predicting the condensation of a cross-flow air-steam mixture on a single horizontal finned tube. Munoz-Cobo et al. [19] presented a mechanistic model that predicts the steam condensation on containment finned tube heat exchangers in the presence of noncondensable gases and aerosols.
The literature review reveals that the previous experiments of the finned tube to evaluate the enhancement of heat transfer have been focused on the horizontal tube problems that were selected to prevent the continuous accumulation of liquid condensate along the wall. However, the horizontal finned tube is not an appropriate choice for the PCCS, because the condenser tubes are deployed Depending on the design criteria of the PCCS, a vast heat transfer area may be required for the decay heat removal. For example, if the PCCS has to meet the requirement that it removes all of the decay heat at five minutes after the reactor shutdown, its capacity has to reach 3% of the rated thermal power of the reactor; it comes to about 85 MW for a nuclear power plant of 1000 MWe. To achieve such a great heat flow from the containment, the PCCS has to incorporate a number of lengthy condenser tubes for sufficient surface area of heat transfer. One feasible approach to increasing the heat transfer capacity of the PCCS is to introduce extended surfaces for the condenser tubes. Through increasing the heat transfer rate using fins, the required number or length of condenser tubes can be greatly reduced.
The literature review reveals that the previous experiments of the finned tube to evaluate the enhancement of heat transfer have been focused on the horizontal tube problems that were selected to prevent the continuous accumulation of liquid condensate along the wall. However, the horizontal finned tube is not an appropriate choice for the PCCS, because the condenser tubes are deployed around the inner periphery of the limited space in the containment. Thus, this study investigates the enhancement of the rate of condensation heat transfer on a vertical condenser tube by the finned surfaces. As a fin configuration, the annular fins with a uniform cross-sectional area were chosen referring to the experimental results of Liu [5] , which will be discussed in Section 2.1. The rate of heat transfer of the annular finned tube was compared to that of the bare rod obtained in identical conditions to estimate the fin thermal performance. On the basis of the experimental results from this study and previous researches, the applicability of fins to the prototypical PCCS was also evaluated.
Experiment
The reference test for this study [20] , which provides the rate of heat transfer for the bare tube, has measured the condensation heat transfer coefficients in the presence of air on a vertical cylinder under natural convection conditions. The experiments were conducted in a pressure range of 2-5 bar and an air mass fraction ranging from 0.10 to 0.88. The effects of the major parameters on the condensation heat transfer were evaluated in the test. A new empirical correlation was developed in terms of dimensionless numbers for the vapor-gas boundary layer and its prediction was validated with experimental data.
The experimental work of this study was also conducted at the Jeju National University (JNU) condensation test facility of reference [20] , with an exception that the test section was replaced to encompass the annular finned tube. Details of the experimental apparatus, including the newly fabricated finned tube, and the data reductions are as follows.
Experimental Apparatus
As described in Figure 2 , the experimental loop consisted of two sections: the condensation section and the cooling section. The condensation section included a chamber with the installed condenser tube inside, a steam generator, a condensate tank, and a recirculation pump. The cooling section had a water storage tank and a pump. The chamber diameter was 609 mm and its height was 1950 mm. A vertical finned tube with 1000 mm in the effective length was installed inside of the chamber. Both the chamber and the condenser tube were constructed from type 304 stainless steel. around the inner periphery of the limited space in the containment. Thus, this study investigates the enhancement of the rate of condensation heat transfer on a vertical condenser tube by the finned surfaces. As a fin configuration, the annular fins with a uniform cross-sectional area were chosen referring to the experimental results of Liu [5] , which will be discussed in Section 2.1. The rate of heat transfer of the annular finned tube was compared to that of the bare rod obtained in identical conditions to estimate the fin thermal performance. On the basis of the experimental results from this study and previous researches, the applicability of fins to the prototypical PCCS was also evaluated.
Experiment
Experimental Apparatus
As described in Figure 2 , the experimental loop consisted of two sections: the condensation section and the cooling section. The condensation section included a chamber with the installed condenser tube inside, a steam generator, a condensate tank, and a recirculation pump. The cooling section had a water storage tank and a pump. The chamber diameter was 609 mm and its height was 1950 mm. A vertical finned tube with 1000 mm in the effective length was installed inside of the chamber. Both the chamber and the condenser tube were constructed from type 304 stainless steel. At the early stage of each run, the predetermined amount of air was injected into the chamber. Then, its total mass remained unchanged during the experiment since air was not condensed on the tube, nor released out of the chamber. The saturation steam was generated through submerging heaters in the steam generator, and was sent to the lower part of the chamber. To establish the steady state in the test section, the rate of steam supply was adjusted so that the mass and energy balance of steam could be met in the chamber. The condensate flowed to the condensate tank, and was recirculated to the steam generator to maintain the water inventory.
The air content inside the chamber was found from the measured temperature of the gaseous mixture and the total pressure. The steam was assumed to be in a saturated state, and thermal equilibrium with air. Then the partial pressure of steam corresponded to the saturation pressure, and the partial pressure of air was obtained by using the Dolton's law of partial pressure.
A preliminary test was conducted to confirm the heat loss of the experimental facility. Prior to performing the preliminary test, all of the experimental apparatuses were insulated using glass fiber. All of experimental facility, such as a steam generator, a chamber, a steam supply line, and a recirculation line that was filled with water. After the filling water up, the water was heated up and the heat loss was calculated taking into account the temperature reduction rate with the overall water inventory of the loop. From the preliminary test, the total heat loss was measured as 2.3 kW.
In designing a finned tube, the experimental study of Liu [5] on finned tubes was reviewed and considered. In the work, the analytical enhancement factor is calculated for the heat transfer rate of tubes with longitudinal and annular fins. They fabricated both types of finned tubes and measured the total heat transfer rate, varying the pressure and the air fraction. It was revealed that the experimental enhancement factor was lower than the analytical results because the contact thermal resistance occurred between the tube surface and fins during the fabrication. It states that the longitudinal fins were soft soldered, and the annular fins were mechanically pressed on to the base tube. Figure 3 illustrates that some unfilled gaps could be formed between the base tube and annular fins. Helically wrapped on the base tube, the annular fins did not make perfect contact with the base surface, which created an unexpected contact resistance at the interface. At the early stage of each run, the predetermined amount of air was injected into the chamber. Then, its total mass remained unchanged during the experiment since air was not condensed on the tube, nor released out of the chamber. The saturation steam was generated through submerging heaters in the steam generator, and was sent to the lower part of the chamber. To establish the steady state in the test section, the rate of steam supply was adjusted so that the mass and energy balance of steam could be met in the chamber. The condensate flowed to the condensate tank, and was recirculated to the steam generator to maintain the water inventory.
In designing a finned tube, the experimental study of Liu [5] on finned tubes was reviewed and considered. In the work, the analytical enhancement factor is calculated for the heat transfer rate of tubes with longitudinal and annular fins. They fabricated both types of finned tubes and measured the total heat transfer rate, varying the pressure and the air fraction. It was revealed that the experimental enhancement factor was lower than the analytical results because the contact thermal resistance occurred between the tube surface and fins during the fabrication. It states that the longitudinal fins were soft soldered, and the annular fins were mechanically pressed on to the base tube. Figure 3 illustrates that some unfilled gaps could be formed between the base tube and annular fins. Helically wrapped on the base tube, the annular fins did not make perfect contact with the base surface, which created an unexpected contact resistance at the interface. In this study, both longitudinal and annular finned tubes were also regarded as feasible options for the PCCS. Even though both fins increase the effective surface area of the condenser tube, one has to take into account their adverse effect on the flow of adjoining air-steam mixture when these finned tubes are assembled to a bundle arrangement. One of the major concerns for the longitudinal fins is that they will severely impede the radial diffusion of the gaseous mixture to the condensing surface. Note that the steam to be condensed is carried from the free stream to the surface by radial diffusive flow. If the heat exchanger of the PCCS consists of a bundle of the longitudinal finned tubes, then the condenser tubes at the edges will substantially retard the influx of the vapor-gas mixture to the interior tubes.
On the other hand, when the annular fins are applied, they would disrupt the parallel flow of the gaseous mixture along the condenser tube. Under natural convection conditions, the air-steam mixture flows downwards in the vicinity of the condensing surface. As this convective flow is inhibited, the heat and mass transfer coefficient are to be reduced. However, even if the bundles of annular finned tubes are employed, the radial diffusive flow of air-steam mixture can reach to all interior condenser tubes. From these considerations, the annular fin of uniform cross-sectional area was chosen as the final fin configuration.
To eliminate the problem of the contact thermal resistance, as discussed in the work of Liu et al., the annular finned tube was fabricated by means of the turning process, as described in Figure 4 . From a sufficiently thick tube with the same diameter as the designed annular disk, the portions other than the fins (hatched region in Figure 4 ) were cut off through a lathe turning so that the perfect contact of fins to the base surface can be assured. The diameter of the base tube was determined to be 40 mm, which is the same as that of the condenser tube used in reference [20] , and its effective length was 1000 mm. The diameter of the outer edge of the designed annular fin was 80 mm; it is the maximum diameter when the PCCS tube bundle is designed to have the pitch-to-diameter of 2.0. The annular disk was 5-mm thick, and the fin pitch was fixed at 70 mm. A total of thirteen annular fins were installed on the condenser tube, thereby increasing the heat transfer area by 84%. Figure 5 shows the photograph of the annular finned tube that was used in this study. In this study, both longitudinal and annular finned tubes were also regarded as feasible options for the PCCS. Even though both fins increase the effective surface area of the condenser tube, one has to take into account their adverse effect on the flow of adjoining air-steam mixture when these finned tubes are assembled to a bundle arrangement. One of the major concerns for the longitudinal fins is that they will severely impede the radial diffusion of the gaseous mixture to the condensing surface. Note that the steam to be condensed is carried from the free stream to the surface by radial diffusive flow. If the heat exchanger of the PCCS consists of a bundle of the longitudinal finned tubes, then the condenser tubes at the edges will substantially retard the influx of the vapor-gas mixture to the interior tubes.
To eliminate the problem of the contact thermal resistance, as discussed in the work of Liu et al., the annular finned tube was fabricated by means of the turning process, as described in Figure 4 . From a sufficiently thick tube with the same diameter as the designed annular disk, the portions other than the fins (hatched region in Figure 4 ) were cut off through a lathe turning so that the perfect contact of fins to the base surface can be assured. The diameter of the base tube was determined to be 40 mm, which is the same as that of the condenser tube used in reference [20] , and its effective length was 1000 mm. The diameter of the outer edge of the designed annular fin was 80 mm; it is the maximum diameter when the PCCS tube bundle is designed to have the pitch-todiameter of 2.0. The annular disk was 5-mm thick, and the fin pitch was fixed at 70 mm. A total of thirteen annular fins were installed on the condenser tube, thereby increasing the heat transfer area by 84%. Figure 5 shows the photograph of the annular finned tube that was used in this study. In this study, both longitudinal and annular finned tubes were also regarded as feasible options for the PCCS. Even though both fins increase the effective surface area of the condenser tube, one has to take into account their adverse effect on the flow of adjoining air-steam mixture when these finned tubes are assembled to a bundle arrangement. One of the major concerns for the longitudinal fins is that they will severely impede the radial diffusion of the gaseous mixture to the condensing surface. Note that the steam to be condensed is carried from the free stream to the surface by radial diffusive flow. If the heat exchanger of the PCCS consists of a bundle of the longitudinal finned tubes, then the condenser tubes at the edges will substantially retard the influx of the vapor-gas mixture to the interior tubes.
To eliminate the problem of the contact thermal resistance, as discussed in the work of Liu et al., the annular finned tube was fabricated by means of the turning process, as described in Figure 4 . From a sufficiently thick tube with the same diameter as the designed annular disk, the portions other than the fins (hatched region in Figure 4) were cut off through a lathe turning so that the perfect contact of fins to the base surface can be assured. The diameter of the base tube was determined to be 40 mm, which is the same as that of the condenser tube used in reference [20] , and its effective length was 1000 mm. The diameter of the outer edge of the designed annular fin was 80 mm; it is the maximum diameter when the PCCS tube bundle is designed to have the pitch-todiameter of 2.0. The annular disk was 5-mm thick, and the fin pitch was fixed at 70 mm. A total of thirteen annular fins were installed on the condenser tube, thereby increasing the heat transfer area by 84%. Figure 5 shows the photograph of the annular finned tube that was used in this study. The theoretical fin efficiency of the designed tube was evaluated. The fin efficiency of the single annular fin, η f , is expressed as [21] :
where
In Equations (1) and (2), r 1 denotes the radius of the bare tube, and r 2c the corrected tip radius of the form. h and k represent the heat transfer coefficient and the thermal conductivity of the fin, respectively. Equation (1) shows that the fin efficiency is expressed in terms of the Bessel functions of the first and the second kinds. For the designed array of annular fins, the overall fin efficiency, η 0 , is given as:
where A f and A t denote the surface area of the single fin, and the total surface area with N fins in the array, respectively. Figure 6 presents the calculated overall fin efficiency at 4 bar where the heat transfer coefficients measured from the bare tube varies over 260-790 W/(m 2 ·K). The fin efficiency analysis reveals that the overall fin efficiency for the design of the finned tube used in this study ranged from 0.65 to 0.73.
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The theoretical fin efficiency of the designed tube was evaluated. The fin efficiency of the single annular fin, ηf, is expressed as [21] : In Equations (1) and (2), r1 denotes the radius of the bare tube, and r2c the corrected tip radius of the form. h and k represent the heat transfer coefficient and the thermal conductivity of the fin, respectively. Equation (1) shows that the fin efficiency is expressed in terms of the Bessel functions of the first and the second kinds. For the designed array of annular fins, the overall fin efficiency, η0, is given as:
where Af and At denote the surface area of the single fin, and the total surface area with N fins in the array, respectively. Figure 6 presents the calculated overall fin efficiency at 4 bar where the heat transfer coefficients measured from the bare tube varies over 260-790 W/(m 2 ·K). The fin efficiency analysis reveals that the overall fin efficiency for the design of the finned tube used in this study ranged from 0.65 to 0.73. Figure 7 describes the location of the thermocouples in the condenser tube and the chamber. In order to measure the internal gas mixture distribution, fourteen thermocouples were installed inside the chamber. Each set consisted of seven thermocouples that were vertically arranged along the tube height, and these two sets has an azimuthal interval of 90 degrees. These thermocouples were located at the midpoint of the centerline and the inner wall of the chamber; that is, their sheath tips were inserted 150 mm into the chamber. A total of ten K-type thermocouples were installed on the finned tube. Two thermocouples at the top and the bottom penetrating the tube wall measure the coolant temperature at the center of the channel. Eight grounded thermocouples were embedded to the base tube by means of silver soldering to measure the temperature of the inner and outer walls at four In order to measure the internal gas mixture distribution, fourteen thermocouples were installed inside the chamber. Each set consisted of seven thermocouples that were vertically arranged along the tube height, and these two sets has an azimuthal interval of 90 degrees. These thermocouples were located at the midpoint of the centerline and the inner wall of the chamber; that is, their sheath tips were inserted 150 mm into the chamber. A total of ten K-type thermocouples were installed on the finned tube. Two thermocouples at the top and the bottom penetrating the tube wall measure the coolant temperature at the center of the channel. Eight grounded thermocouples were embedded to the base tube by means of silver soldering to measure the temperature of the inner and outer walls at four elevations. The thermocouples for inner and outer surfaces were positioned 4.5 mm and 1.0 mm deep from the base surface, respectively.
elevations Using the fabricated finned tube, a series of condensation tests were conducted in the presence of air under natural convection conditions. That is, while air with a prescribed partial pressure was present in the chamber, steam was continuously supplied to the lower section to sustain an overall heat balance. Table 1 presents the test matrix of the condensation tests. The rate of condensation heat transfer was measured in the pressure range from 2 to 5 bar, and the air mass fraction was adjusted from 30% to 70%. The mean temperature of the base surface was also controlled to establish the similar thermal conditions on which the condensation tests with the bare tube [20] were performed. 
Data Reduction
Since the sheath tips of thermocouples for wall temperatures were embedded inside the interior tube wall, the measured values are corrected to the real surface temperatures as follows: Using the fabricated finned tube, a series of condensation tests were conducted in the presence of air under natural convection conditions. That is, while air with a prescribed partial pressure was present in the chamber, steam was continuously supplied to the lower section to sustain an overall heat balance. Table 1 presents the test matrix of the condensation tests. The rate of condensation heat transfer was measured in the pressure range from 2 to 5 bar, and the air mass fraction was adjusted from 30% to 70%. The mean temperature of the base surface was also controlled to establish the similar thermal conditions on which the condensation tests with the bare tube [20] were performed. 
Since the sheath tips of thermocouples for wall temperatures were embedded inside the interior tube wall, the measured values are corrected to the real surface temperatures as follows: where, T * wo and T * wi denote the measured outer wall temperature and inner wall temperature by using thermocouples, respectively. T wo and T wi denote the corrected outer wall temperature and inner wall temperature, respectively. They represent the true value of the inner and outer wall temperature obtained on the basis of the heat diffusion method. r * i and r * o represent the inner and outer location of the installed thermocouple, respectively; r i and r o represent the inner and outer radius of the condenser tube, respectively. From the corrected surface temperatures, the local heat flux is calculated as follows:
where k denotes the thermal conductivity of the wall. The rate of condensation heat transfer is obtained from the heat removal rate by the coolant through the condenser tube in a steady state as:
where .
m, c p , T c,o and T c,i are the mass flow rate of coolant, the specific heat, the outlet temperature, and inlet temperature of coolant, respectively.
The measurement of uncertainties for the total heat transfer rates are calculated by:
where the uncertainty of the coolant temperature rise, ∆T c , is defined as follows:
The measurement of uncertainties of instruments are summarized in Table 2 . In all of the tests, the mass flow rate of the coolant was quite high to maintain the temperature of the outer wall uniform [20] . As the rise of the coolant temperature is low, the uncertainty in evaluation of the heat removal rate, represented by Equation (7), could be fairly high. To prevent this, the thermocouples for measuring fluid (coolant) temperature was specially calibrated by using a thermostat with an error of 0.2 K. The results of the uncertainty analysis revealed that the maximum uncertainty of the heat transfer rate was 11.7%. 
Results and Discussion

Experimental Results
Through visualization windows installed in the chamber, the flow pattern of falling condensate liquid around the annular fins was observed. Figure 8 is the photographs of the condensate liquid that were captured at 0.75 m from the top of the condenser tube when the pressure was 4 bar and the air mass fraction was 44.7%. The time interval between the images (a) to (c) is 10 ms.
that were captured at 0.75 m from the top of the condenser tube when the pressure was 4 bar and the air mass fraction was 44.7%. The time interval between the images (a) to (c) is 10 ms. As shown in Figure 8d , a thick liquid film was retained on the upper surfaces of the annular disk due to the surface tension. As the condensate from the upper section flowed downwards along the tube surface and coalesced with the liquid film on the fin, it resulted in flooding. Once flooding occurred, some condensate scattered from the condenser tube to fall onto the test chamber floor and other cascaded condensate flowed through the lower surface of the disk to spatter on the annular fin immediately below. The flooding occurred periodically. Figure 8a -c present well that the inflow of the condensate from the upper fin of the image resulted in flooding of the liquid film on the lower fin. After flooding, the remaining condensate liquid was stored stably on the upper side of the annular disk. These flooding phenomena occurred periodically during the experiments.
The above visualization results revealed that the condensation mechanism on the finned tube was affected by the flooding effect of the condensate. The annular fin functioned positively in a view of heat transfer as it impeded the continuous accumulation of the condensate liquid along the tube wall, whereas large thermal resistance would exist on the upper side of each annular fin, thereby retarding the rate of heat transfer locally. Figure 9 presents typical temperature distribution inside the chamber for the air mass fraction of 0.6 at 2 bar. The wall subcooling was 35.8 K. It did not exhibit thermal stratification of the air-steam mixture inside the chamber; the temperature difference according to the elevation was within 1.6 K during all of the experiments. The naturally convective flow of the gaseous mixture inside the chamber mixed the vapor and gas species well, establishing a uniform distribution along the height. Furthermore, the maximum difference between the temperatures of the outer surface along the base tube was at most 6.2 K. Therefore, the wall temperature was also well controlled to have nearly isothermal conditions by adjusting the coolant flow rate high through the condenser tube.
The axial distribution of local heat flux is depicted in Figure 10 . The local heat flux along the base tube varied little with an increasing the distance from the top. This is because, in the presence of a noncondensable gas, the thermal resistance between the condensing wall and the bulk is dominated by the conditions of the gas boundary layer, and the gas concentration was axially kept uniform in this test apparatus. As shown in Figure 8d , a thick liquid film was retained on the upper surfaces of the annular disk due to the surface tension. As the condensate from the upper section flowed downwards along the tube surface and coalesced with the liquid film on the fin, it resulted in flooding. Once flooding occurred, some condensate scattered from the condenser tube to fall onto the test chamber floor and other cascaded condensate flowed through the lower surface of the disk to spatter on the annular fin immediately below. The flooding occurred periodically. Figure 8a -c present well that the inflow of the condensate from the upper fin of the image resulted in flooding of the liquid film on the lower fin. After flooding, the remaining condensate liquid was stored stably on the upper side of the annular disk. These flooding phenomena occurred periodically during the experiments.
The axial distribution of local heat flux is depicted in Figure 10 . The local heat flux along the base tube varied little with an increasing the distance from the top. This is because, in the presence of a noncondensable gas, the thermal resistance between the condensing wall and the bulk is dominated by the conditions of the gas boundary layer, and the gas concentration was axially kept uniform in this test apparatus. Distance from the bottom (m) Figure 9 . Typical temperature distribution during the experiment when air mass fraction is 0.6 at 2 bar. Figure 11 describes the comparison results between the condensation heat transfer rate of the annular finned tube and that of the bare tube in the presence of air under isobaric conditions. Note that both of the test data were measured at almost the same wall temperature at each run; the degree of wall subcooling was kept to nearly 40 K. It was revealed in the previous studies that the heat transfer coefficient increased as the wall subcooling decreased [20] . As the heat flux is influenced by the wall subcooling, the mean wall temperature of the base surface was adjusted close to that of the bare tube for each comparison; the discrepancies were less than 8.4 K. With regard to the experimental results for the annular finned tube, the dependencies of the rate of condensation heat transfer on the pressure and the air concentration were identical to those that have been reported. That is, the heat transfer rate increased with an increase in pressure due to the rise of the steam density. Analytically, the vapor mass flux towards the liquid-vapor interface is proportional to the steam density [22] . In addition, the increase in the air concentration resulted in a substantial degradation of the heat transfer rate because the steam changed into a liquid film at the liquid-vapor interface and the noncondensable gas accumulated near the liquid film. This accumulated layer functions as a barrier to the diffusive flow of steam, as physically explained by Minkowycz and Sparrow [23] . Distance from the bottom (m) Figure 9 . Typical temperature distribution during the experiment when air mass fraction is 0.6 at 2 bar. Figure 11 describes the comparison results between the condensation heat transfer rate of the annular finned tube and that of the bare tube in the presence of air under isobaric conditions. Note that both of the test data were measured at almost the same wall temperature at each run; the degree of wall subcooling was kept to nearly 40 K. It was revealed in the previous studies that the heat transfer coefficient increased as the wall subcooling decreased [20] . As the heat flux is influenced by the wall subcooling, the mean wall temperature of the base surface was adjusted close to that of the bare tube for each comparison; the discrepancies were less than 8.4 K. With regard to the experimental results for the annular finned tube, the dependencies of the rate of condensation heat transfer on the pressure and the air concentration were identical to those that have been reported. That is, the heat transfer rate increased with an increase in pressure due to the rise of the steam density. Analytically, the vapor mass flux towards the liquid-vapor interface is proportional to the steam density [22] . In addition, the increase in the air concentration resulted in a substantial degradation of the heat transfer rate because the steam changed into a liquid film at the liquid-vapor interface and the noncondensable gas accumulated near the liquid film. This accumulated layer functions as a barrier to the diffusive flow of steam, as physically explained by Minkowycz and Sparrow [23] . Figure 11 describes the comparison results between the condensation heat transfer rate of the annular finned tube and that of the bare tube in the presence of air under isobaric conditions. Note that both of the test data were measured at almost the same wall temperature at each run; the degree of wall subcooling was kept to nearly 40 K. It was revealed in the previous studies that the heat transfer coefficient increased as the wall subcooling decreased [20] . As the heat flux is influenced by the wall subcooling, the mean wall temperature of the base surface was adjusted close to that of the bare tube for each comparison; the discrepancies were less than 8.4 K. With regard to the experimental results for the annular finned tube, the dependencies of the rate of condensation heat transfer on the pressure and the air concentration were identical to those that have been reported. That is, the heat transfer rate increased with an increase in pressure due to the rise of the steam density. Analytically, the vapor mass flux towards the liquid-vapor interface is proportional to the steam density [22] . In addition, the increase in the air concentration resulted in a substantial degradation of the heat transfer rate because the steam changed into a liquid film at the liquid-vapor interface and the noncondensable gas accumulated near the liquid film. This accumulated layer functions as a barrier to the diffusive flow of steam, as physically explained by Minkowycz and Sparrow [23] . The heat transfer rate of the finned tube was higher than that of the bare tube in various pressure conditions, as depicted in Figure 11 , because the presence of the annular fins increased the total surface area for heat transfer on the condenser tube. For a quantitative comparison, the enhancement factor (EF) for the finned tube was defined as:
where Figure 12 presents the heat transfer enhancement factor over the air mass fraction at each pressure. The enhancement factor distributed between 1.15 and 1.82, and it did not have a clear dependency on the pressure or the air mass fraction. The average enhancement factor was 1.42, which was lower than the ratio of the effective heat transfer ( fb AA ), 1.84. This indicates that, even though the total rate of condensation heat transfer was enhanced by the annular fins, the condensation heat transfer coefficient of the annular finned tube was reduced, as shown in Figure 13 . The average ratio of condensation heat transfer coefficient was 0.83. The heat transfer rate of the finned tube was higher than that of the bare tube in various pressure conditions, as depicted in Figure 11 , because the presence of the annular fins increased the total surface area for heat transfer on the condenser tube. For a quantitative comparison, the enhancement factor (EF) for the finned tube was defined as:
where h f , h b , A f , A b , ∆T f , and ∆T b represent heat transfer coefficients of the finned tube and the bare tube, and the total surface area of both tubes, and the wall subcooling of both tubes, respectively. The wall subcooling of thee finned tube was obtained from the difference between the bulk temperature and base tube temperature of the finned tube. Figure 12 presents the heat transfer enhancement factor over the air mass fraction at each pressure. The enhancement factor distributed between 1.15 and 1.82, and it did not have a clear dependency on the pressure or the air mass fraction. The average enhancement factor was 1.42, which was lower than the ratio of the effective heat transfer (A f /A b ), 1.84. This indicates that, even though the total rate of condensation heat transfer was enhanced by the annular fins, the condensation heat transfer coefficient of the annular finned tube was reduced, as shown in Figure 13 . The average ratio of condensation heat transfer coefficient was 0.83. This happens for two reasons. The first one is the disturbance of the axial flow of the vapor-gas mixture by the annular fin. As discussed in Section 2.1, the annular disk allows for the radial diffusion of steam, while it interrupts the parallel flow of the air-steam mixture along the condensing surface. In the presence of a strong bulk motion of the gaseous mixture parallel to the wall, the buildup of a noncondensable gas at the interface is less accentuated as it sweeps away the gases. Moreover, the parallel flow may promote the turbulence in the vapor-gas boundary layer, which in turn augments the heat and mass transfer by steam condensation. Since the annular disk blocked the parallel motion of the air-steam mixture along the base tube, the mean heat flux was reduced a little by an adoption of the annular finned tube. Consequently, it decreases the condensation heat transfer coefficient. The other reason lies in the presence of a thick condensate film that is retained on the upper surface of the fin, which is visually observed in Figure 8 . Since the stored liquid film on the disk increases the thermal resistance for steam condensation, the rate of heat transfer locally degrades.
The above experimental results revealed that the extended surfaces by annular fins enhanced the rate of the condensation heat transfer of the air-steam mixture under natural convection conditions, even though the condensation heat transfer coefficient of the annular finned tube was This happens for two reasons. The first one is the disturbance of the axial flow of the vapor-gas mixture by the annular fin. As discussed in Section 2.1, the annular disk allows for the radial diffusion of steam, while it interrupts the parallel flow of the air-steam mixture along the condensing surface. In the presence of a strong bulk motion of the gaseous mixture parallel to the wall, the buildup of a noncondensable gas at the interface is less accentuated as it sweeps away the gases. Moreover, the parallel flow may promote the turbulence in the vapor-gas boundary layer, which in turn augments the heat and mass transfer by steam condensation. Since the annular disk blocked the parallel motion of the air-steam mixture along the base tube, the mean heat flux was reduced a little by an adoption of the annular finned tube. Consequently, it decreases the condensation heat transfer coefficient. The other reason lies in the presence of a thick condensate film that is retained on the upper surface of the fin, which is visually observed in Figure 8 . Since the stored liquid film on the disk increases the thermal resistance for steam condensation, the rate of heat transfer locally degrades.
The above experimental results revealed that the extended surfaces by annular fins enhanced the rate of the condensation heat transfer of the air-steam mixture under natural convection conditions, even though the condensation heat transfer coefficient of the annular finned tube was This happens for two reasons. The first one is the disturbance of the axial flow of the vapor-gas mixture by the annular fin. As discussed in Section 2.1, the annular disk allows for the radial diffusion of steam, while it interrupts the parallel flow of the air-steam mixture along the condensing surface. In the presence of a strong bulk motion of the gaseous mixture parallel to the wall, the buildup of a noncondensable gas at the interface is less accentuated as it sweeps away the gases. Moreover, the parallel flow may promote the turbulence in the vapor-gas boundary layer, which in turn augments the heat and mass transfer by steam condensation. Since the annular disk blocked the parallel motion of the air-steam mixture along the base tube, the mean heat flux was reduced a little by an adoption of the annular finned tube. Consequently, it decreases the condensation heat transfer coefficient. The other reason lies in the presence of a thick condensate film that is retained on the upper surface of the fin, which is visually observed in Figure 8 . Since the stored liquid film on the disk increases the thermal resistance for steam condensation, the rate of heat transfer locally degrades. The above experimental results revealed that the extended surfaces by annular fins enhanced the rate of the condensation heat transfer of the air-steam mixture under natural convection conditions, even though the condensation heat transfer coefficient of the annular finned tube was reduced slightly. This demonstrates that it is a viable approach to employ the annular finned tube for the PCCS when the desired requirement for heat removal capacity cannot be fulfilled with bare condenser tubes that are arranged in the limited space of the containment building.
Applicability to a Bundle Layout
The ultimate goal of this investigation was associated with the enhancement of the heat removal capacity for the PCCS. From the condensation tests herein using a 'single' annular finned tube, the enhanced performance of the condenser tube was experimentally proved. With regard to the fin configuration for the PCCS, it is worth noting the experimental investigation of Tong et al. [16] . They employed longitudinal fins to extend the surface area of a vertical condenser tube, and reported that the heat transfer rate was little affected with an increase in the heat transfer area. Conversely, the longitudinal finned tube weakened the condensation heat transfer process rather than enhancing it when the air mass fraction was lower than 75%. Even though the performance of the longitudinal finned tube can be changed depending on the fin height, thickness, spacing, and so on, the research by Tong et al. suggests that the increase of the surface area by longitudinal fins do not always guarantee the enhanced heat removal capacity for the condenser tube.
Another essential consideration for the applicability of finned tubes to the PCCS is that the heat exchanger assemblies are composed of multiple condenser tubes, and each of them is supposed to suffer from the bundle effect. The existence of a number of fins in the tube bundles results in difficulties in maintenance and repair of the heat exchanger assemblies. Moreover, these fins are expected to accentuate the shadowing effect of tube bundles. In particular, when the longitudinal fins are applied, the condenser tubes at the edges will form a kind of blanket to restrict the influx of steam to the interior tubes, thereby substantially degrading the heat transfer performances of overall PCCS.
In these aspects, the annular fins appear to be a more practical option for the PCCS. Its adoption must be determined on the basis of the investigated advantages and disadvantages in condensation heat transfer, and then a design optimization of the fin arrangement is also needed. In the case of an annular finned tube, the accumulated liquid film on the disk may locally deteriorate the rate of steam condensation as mentioned in Section 3.1. Thus, it would be very helpful to introduce a fin design that facilitates the drainage of the stored condensate on the disk. One example is an annular fin with a reduced cross-sectional area from root to tip. The upper plane of the annular disk with a tilting angle will inhibit the thick liquid film from retaining on heat transfer surfaces by providing effective condensate drainage at the fin tip. Another option includes the helically mounted fin along the base tube. The inclination of the fin may help the continuous drainage of the condensate. Thereafter, by finding the optimum fin height, thickness, and spacing in a bundle layout through numerical studies, one can achieve a maximized heat removal capacity for the PCCS; this remains as future work.
Conclusions
The enhancement of the condensation heat transfer of the air-steam mixture on a vertical condenser tube by the annular fins was investigated experimentally. Under natural convection conditions, the total rate of heat transfer was measured in the pressure range between 2 and 5 bar, and the air mass fraction from 0.3 to 0.7, and compared with that of the bare tube. Conclusions from this study are as follows:
(a) The visualization results showed that the inflow of the condensate from an upper fin resulted in the periodic flooding of the liquid film on lower fins, and a thick film was retained on the upper surfaces of the annular disk due to the surface tension. (b) It was experimentally demonstrated that the total rate of condensation heat transfer was enhanced by the annular fins; the average enhancement factor was 1.54, which was obtained when the heat transfer area was increased by 84%. The average heat flux was degraded due to the disturbance of the parallel flow of the vapor-gas mixture to a condensing surface by the annular fin, and the large thermal resistance formed by the stored thick liquid film on the disk. Consequently, the condensation heat transfer coefficient of the annular finned tube was slightly lower than that of the bare tube. (c) The annular fin is thought to be a more practical option than the longitudinal fin for the PCCS since it can permit the influx of steam to the interior tubes when it is arranged in a bundle layout. A fin design to facilitate the drainage of the stored condensate on the disk will enhance the efficiency of the annular finned tube.
As a further study, an experimental or numerical investigation to determine the optimum fin height, thickness, and spacing of the annular fin is required in order to achieve a maximized heat removal capacity. In addition, an experimental demonstration of the bundle effect for the finned tube is essential for the application to the prototypical PCCS.
